Virtual-reality training of surgical skills is a rapidly expanding area of research. The implementation of virtual-reality training of surgeons has shown to have implications for patient safety, but many questions remain unanswered. This Ph.D. project began with a systematic review of the existing knowledge in the field. Thereby, knowledge gaps were identified, and the following studies were planned accordingly.
This thesis covers research conducted in three related domains: (1) how best to assess surgical trainees' competence; (2) how to optimize skill acquisition using simulation-based training modalities, including virtual-reality simulation; and (3) which factors influence skill transfer between different environments and different procedures.
In the systematic review, we aim to identify the evidence behind the use of simulation-based models in ophthalmology. Due to heterogeneity of the included trials, a qualitative analysis is conducted. We conclude that limited data are available to support the use of simulation-based models for assessment purposes. Even though numerous studies have investigated the use of the automated assessment metrics provided by the EyeSi virtual-reality simulator, validity evidence has not been well established. Efficacy trials show a tendency towards improved surgical performance, including procedural time, and a decrease in complication rates after implementation of virtual-reality training. However, data are limited, and the results are inconsistent so no final conclusions can be made.
The second study investigates how best to assess surgical trainees' competence using virtual-reality simulation and an evidence-based performance test of cataract surgical skills on the EyeSi simulator was developed. A total of 42 participants were included, and modules showing discriminative ability between novices and experienced cataract surgeons were included in the final performance test. A benchmark criterion was determined and may be used for future implementation of simulation-based training for novices in cataract surgery. An additional validity study investigates the correlation between virtual-reality performance and motion-tracking metrics from real-life cataract surgeries. Eleven cataract surgeons with different experience levels were included in a national, multicentre study. In this study, we demonstrate that performance on the EyeSi simulator is highly correlated with real-life surgical performance, and may supplement clinical assessments of cataract surgical skills. However, motion-tracking metrics are associated with high levels of interindividual variance, and multiple data sources are still recommended when evaluating surgical skills.
In the fourth study, we examine the impact of proficiency-based training, during which the trainee continues training until passing a predefined proficiency criterion. This approach differs from the traditional time-based or repetition-based training programmes. The study was conducted as a national, multicentre study, involving 22 surgeons with different levels of experience who performed three video-recorded cataract surgeries before and after completing a proficiency-based training programme on the EyeSi simulator. The real-life performance evaluations from three masked raters demonstrate a significant effect of virtual-reality training for novice surgeons, as well as intermediate level surgeons, who had performed up to 75 independent operations before completing the simulation-based training. Thus, improvements in surgical skills resulting from proficiency-based training in cataract surgery seem to be transferable from a simulated setting to the operating room.
Lastly, we wanted to investigate the specificity of skill acquisition in intraocular surgeryspecifically, the potential for skill transfer from cataract to vitreoretinal surgery. Twelve residents in ophthalmology were included in a randomized controlled trial: six residents were assigned to intensive, proficiency-based, cataract surgical training on the EyeSi simulator (cataract trainees), and six residents were assigned to no training (novices). Participants in both study arms repeated training on a vitreoretinal training programme on the EyeSi simulator until reaching their maximum performance level. Our results show that the group of cataract trainees did not perform significantly better than the novices, when comparing initial score, time to reach maximum performance level or maximum score. In conclusion, no significant transfer of surgical skills is evident between cataract surgery and vitreoretinal surgery in a virtual-reality environment.
The conclusions of this thesis are: (1) there is a need for evidence-based application of simulation-based training and assessment in ophthalmology; (2) the automated assessment metrics from a virtual-reality simulator can distinguish between surgeons with different surgical experience (number of procedures previously performed and training in different surgical techniques); (3) both novices and surgeons with an intermediate level of experience benefit from proficiency-based training on a virtual-reality simulator; and (4) the acquisition and transfer of skills in intraocular surgery seems to be domain specific, and, as such, we should be more aware of functional alignment (e.g. appropriate movement patterns) rather than structural alignment (e.g. setting) when planning future training programmes.
Preface
The aim of this thesis is to investigate assessment methods and transfer of technical skills in intraocular surgery a subset of microsurgeryusing virtual-reality simulation. The thesis begins with a brief introduction to this area of research and its implications for patient safety. After that follows a background section, including a description of intraocular surgery characteristics; the theoretical principles underlying the acquisition and assessment of technical skills; outcome measures used in simulation-based research; and virtual-reality simulators in ophthalmology. This section provides a foundation for the hypotheses and research questions of the included studies. Study findings are then summarized, followed by a discussion of these findings, including strengths and limitations, and finally a review of how these findings inform our current understanding of skill acquisition and assessment in microsurgery.
The thesis is based on the following original papers: I Thomsen Basic skillsgeneral surgical skills used for various procedures (e.g. suturing skills).
Procedural tasks/modulestasks on a virtual-reality simulator replicating specific surgical procedures, either as subtasks or whole procedures.
Abstract tasks/modulestasks that do not intend to replicate the real environment but aim to support the acquisition of basic skills.
Assessment metricsmeasures of quantitative assessment used to track performance.
Validitythe degree to which a measurement or test is well founded and accurately measures what it sets out to measure.
Skill transferthe extent to which skills acquired in one environment (or on one task) affect performance in another environment (or on another task).
Introduction
Every day in the healthcare system, adverse events occur in the context of surgical interventions and may result in suboptimal and sometimes devastating outcomes for patients (Makary & Daniel 2016) . Risk factors include a variety of patient factors such as age, comorbidities and smoking status, as well as a surgeon factor: more experienced surgeons generally have superior surgical skills as compared to less experienced surgeons, and consequently, their surgical outcomes are better and associated with lower complication rates (Johnston et al. 2010; Ti et al. 2014; Day et al. 2015; Mahmud et al. 2015) .
Nevertheless, we need new surgeons. Cataract is the world's leading cause of blindness and impaired vision, and presently, the only effective treatment is surgical extraction. Today, cataract surgery is one of the most commonly performed surgical procedures in Western countries. The need for ophthalmic surgeons is expected to rise in the future due to an increasing geriatric population, as well as the inevitable ageing of our existing surgeons (Etzioni et al. 2003; Behndig et al. 2011; Kessel 2011; Gollogly et al. 2013) .
While some risk factors associated with adverse events and suboptimal patient-related outcomes are nonmodifiable or inevitable, evidence suggests that simulation-based training of surgeons has the potential to improve surgical outcomes (Stefanidis et al. 2014 ). Simulation can be described as 'something that is made to look, feel, or behave like something else especially so that it can be studied or used to train people' (Merriam-Webster definition). Simulation-based trainingcomprising a wide range of simulation models from pig eyes to highly sophisticated virtual-reality modelsenables a safe training environment without any associated patient risk.
Virtual-reality simulation, also called technology-enhanced simulation, is the use of interactive computer software and hardware to replicate a real environment. Specifically of interest for this thesis, virtual-reality simulation has been associated with moderate to large effect sizes with respect to surgical skill acquisition and patient-related outcomes for a variety of procedures. Previous studies indicate that surgical skills often improve with virtual-reality training, and the acquired skills may lead to an optimized performance in the operating room, and in turn, contribute to improved patient-related outcomes (Cook et al. 2013c ). Thus, virtual-reality training has the potential to improve patient safety by improving the surgeon factor in surgical interventions.
Another major benefit of using virtual-reality simulation is that it enables automatedand thereby objectiveassessment of performance, providing the trainee and other key persons with independent feedback. For decades, the assessment and selection of future surgeons have been dependent exclusively on the subjective opinions of senior colleagues (Darzi et al. 1999; Muttuvelu & Andersen 2016) . The introduction of virtual-reality simulators provides an opportunity for advancement in the assessment of surgical skills. In summary, virtual-reality simulation consists of two features: (1) a training environment; and (2) a skills assessment component.
Background
In ophthalmology, the use of simulation-based training and assessment has increased significantly during the last decade (McCannel 2015) . Similarly, the body of research evidence has been growing, but the scientific evidence for using simulation-based methods in ophthalmology is still relatively limited. In laparoscopic surgery, there is a larger quantity of evidence supporting different aspects of simulation-based training (Zendejas et al. 2013 ). Yet, substantial differences in surgical technique make it difficult to transfer the results directly to ophthalmic surgery.
Intraocular surgery
Intraocular surgery incorporates all procedures performed within the eye, an organ of approximately 24 mm in diameter. It requires an operating microscope, which is controlled by a foot pedal and enables stereoscopic vision. Some of the instruments also include an operating machine (e.g. one that provides a vacuum and/or ultrasonic energy), which is also navigated via a foot pedal (instrument pedal). Thus, all four extremities are often used simultaneously during parts of an intraocular procedure.
The fact that the procedures involve microsurgery is indeed one of the challenges in ophthalmic surgical training. Visuospatial awareness and/or stereoscopic vision play an important role (Nibourg et al. 2015) , small incorrect movements can cause injury, highly specialized instruments are used, and hand-foot co-ordination, in addition to eye-hand co-ordination, is essential. Additionally, supervision is difficult as only one can perform the procedure at a time, and if a change of surgeons is needed, the inserted instruments must be removed from the eye and surgeons exchange seats (followed by adjustment of microscope and chair). These factors make the traditional apprenticeship method less suitable.
Another important feature of intraocular surgery is the traditionally long learning curves for novice surgeons. For cataract surgery, surgical competency improves significantly after the initial 75-80 cases (Tarbet et al. 1995; Randleman et al. 2007; Taravella et al. 2011) . Even for surgeons performing more than 500 surgeries annually, the risk for adverse events is generally higher when compared to surgeons performing more than 1000 surgeries annually (Bell et al. 2007 ).
Cataract surgery
Cataract surgery is most commonly performed using phacoemulsification, but other techniques include manual small incision cataract surgery (MSICS) and extracapsular cataract extraction (ECCE). All techniques include removal of the opaque lens, which is causing impaired vision and/or visual disturbances of different degrees.
Phacoemulsification consists of six major steps: (1) incisions into the anterior chamber; (2) continuous curvilinear capsulorrhexis (CCC); creation of a circular hole in the anterior capsule; (3) hydrodissection; dissecting the lens capsule from the lens matter; (4) phacoemulsification; removal of the lens matter from the capsule using vacuum and/or ultrasonic energy; (5) irrigation and aspiration (I/A), aspiration of residual soft lens matter, and finally; (6) intraocular lens insertion.
Step 4 (phacoemulsification) is performed using various chopping techniques or 'divide and conquer'the latter being the most common approach, especially for novice surgeons (Alexander et al. 2012; Sorensen et al. 2012) . The entire procedure is performed through incision points <4 mm in size, and rotation around the incisional axis is crucial to avoid trauma to the surrounding tissue. Several of the steps are performed bimanually. The steps perceived as most difficult by surgical trainees and with lowest completion rates are phacoemulsification (here: 'divide and conquer') and capsulorrhexis, followed by I/A and lens insertion (Dooley & O'Brien 2006) .
Serious adverse events include posterior capsule tear and vitreous loss, which are strongly associated with substantial visual loss due to an increased risk of other serious adverse events such as retinal detachment and endophthalmitis (Ti et al. 2014; Day et al. 2015) . Randleman et al. (2007) report that vitreous loss occurs in 5.1% of cases for novice surgeons and decreases to 1.9% after the surgeon has completed 80 cases.
Vitreoretinal surgery (VRS)
Vitreoretinal surgery, another type of intraocular surgery, comprises a variety of procedures performed in the posterior part of the eye and includes retinal detachment repair, macular hole surgery and peeling of epiretinal membranes (ERM) among others. Similar to cataract surgery, fine motor skills are critical, in addition to procedural planning and continuous integration of perceptual information. The surgical instruments, including their lengths, are different from cataract surgery, but the concept of a rotation axis through the incisional point is similar. In most countries, vitreoretinal surgery is typically performed by ophthalmologists subspecializing in this area of surgery, whereas residents often perform minor procedures, such as panretinal photocoagulation and intravitreal injections (Shah et al. 2009 ).
Acquisition of technical skills
Repeated exposure in the clinical setting has been the traditional way of teaching technical skills in the healthcare system. However, numerous factors including patient safety concerns, increased efficiency demands and the constant development of new technology and new treatment modalities, coupled with an increase in patient numbers, have lead to the development of alternative teaching methods. In the following sections, different theoretical approaches for the teaching of technical skills will be reviewed. This is followed by a discussion of more practical approaches, where evidencebased training strategies will be described.
Motor skill theories
The acquisition of technical skills, also called motor skills, has been described by several theoretical models. One such model is the Fitts-Posner Three-Stage Theory, which is a widely accepted motor learning theory, based on distinct cognitive processes involved at different stages of skill execution (Fitts & Posner 1967) . Initially, trainees are in a cognitive stage, during which they are attempting to understand what is to be performed. The next step is the associative stage, where progress slows as the trainee begins to modify movement strategies based on feedback. The last step is the autonomous stage where motor movements are performed automatically, requiring less attentional capacity. Performance becomes more fluid with increased experience (Reznick & MacRae 2006) . Another descriptive step-wise model defining the development of technical skills is the Dreyfus and Dreyfus model, in which one progresses from novice to expert through five steps (Dreyfus 2004) . See Table 1 for an overview of the theoretical models.
Characterization of expertise
Often, expertise has been equated with repeated, deliberate practice (Ericsson 2015) . However, evidence indicates that this concept is flawed because it does not take into account individual differences (Kulasegaram et al. 2013; Macnamara et al. 2014 ). The number of completed procedures is not necessarily a comprehensive measure of expertise. In obstetrics, measures of initial skills have shown to explain more of the differences between individuals than procedural volume (Epstein et al. 2013) . The development of expertise is a complex process and several factors have been proposed which may account for these individual differences, including working memory capacity. Further characterization of the individual differences that impact skill acquisition remains to be elucidated. Nevertheless, practice of technical skills is still a central part of achieving surgical proficiency and an extensive amount of evidence exists on efficient instructional strategies.
Efficient instructional strategies
Several instructional strategies have been shown to maximize the effect of training (Cook et al. 2013a , Stefanidis et al. 2014 ). On numerous occasions, it has been demonstratedalso for complex motor skillsthat skill practice is most effective if it is structured as multiple training sessions, of short duration, spaced over time (distributed training) and with variable task practice (Nicholls et al. 2016 ). Feedback to the trainee also impacts the learning outcome significantly (McGaghie et al. 2010) . Part-task training is also recommended for some complex tasks/procedures, depending on the level of interactive elements (Spruit & Band 2014) . In order to teach complex technical skills, it is essential to take the current abilities of the trainee into consideration (cognitive load awareness; cf. Table 1 ; Spruit & Band 2014; Nicholls et al. 2016) . One widely accepted approach is proficiency-based training, which involves a process of continued training until mastering a pre-and well-defined skill set (McGaghie et al. 2010 ).
Proficiency-based training
This method has shown to be efficient for learning technical skills and ensures that all trainees reach a minimum level of competency. This approach is gaining popularity in favour of time-based or repetition-based training where all trainees train for the same period of time or the same number of repetitions. This latter approach may lead to highly variable skill levels. Proficiency-based training requires: (1) explicit characterization of performance goalshow can proficiency be defined for this specific procedure? (2) assessment of performancehow can proficiency be measured? (3) establishment of benchmark criteriawhen is proficiency reached?
Mastery learning is a rigorous approach to proficiency-based training and includes baseline testing, clearly defined learning objectives, establishment of a minimum passing benchmark, formative testing (continuous feedback), advancement to next educational unit when mastering the predefined benchmark level, and continued practice (Cook et al. 2013c , McGaghie et al. 2014 ). This approach is closely related to the deliberate practice model, as defined by Ericsson (2015) .
Assessment of technical skills
It is necessary to assess performance in order to implement proficiency-based training, but assessment of performance is also critical for evaluating milestones and competencies. The latter is becoming an increasingly larger part of surgical practice, especially during residency (Oetting 2009 , Accreditation Council for Graduate Medical Education 2014). Moreover, for research purposes, assessment is necessary to measure the effect of a training intervention.
Several rating tools for the assessment of technical skills exist. Overall, they can be grouped into three categories: (1) human rater tools, including global rating scales and procedurespecific checklists; (2) automated assessments, for example virtual-reality simulators and motion analysis; and (3) outcomes data, including surgical complication rates. The assessment tools differ in their level of objectivity and how time-consuming they are to apply. Optimally, an assessment tool has several features: (1) validity and reliability evidence; (2) educational impact; (3) cost-effectiveness; and (4) widespread acceptance (Schuwirth & van der Vleuten 2013) . In addition, some would add objectivity to this list (Gensheimer et al. 2013) .
Automated assessment tools are objective assessment tools, which are not influenced by any pre-existing opinions about the trainee. Anonymized video recordings of trainee performances evaluated by masked raters also represent an objective assessment method.
All categories of assessment tools may be applied in both clinical and simulation-based settings. Simulationbased assessments often correlate positively with patient-related outcomes (Brydges et al. 2015) . Therefore, in select cases, these assessments can replace or support those collected in the clinical setting (such as provider behaviours and patient outcomes). This possibility confers significant benefits because clinical assessments can be difficult to collect due to associated costs and logistical challenges (e.g. infrequent clinical events, nonstandardized settings, etc.). See Table 2 for a comparison between assessments performed in a simulated and clinical setting.
Validity evidence
Validity evidencescientific evidence that the metric or test measures what it sets out to measureis a requirement for useful, sound assessments of performance. The same applies for diagnostic tools in a clinical settingwe need to know whether a tool measures what we think it measures. For example, ear thermometry has been shown not to provide exact measurements of core body temperature (Stavem et al. 1997) . Similarly, we have to investigate which measurements are useful for the assessment of technical skills.
When evaluating validity evidence for assessment outcomes, several different theoretical frameworks exist which outline a systematic approach. Messick's validity framework is a widely respected approach, which has largely replaced the 'classical' framework, consisting of different types of validity (face, content, criterion, construct and concurrent). In Messick's framework, validity evidence is collected from different sources, focusing on the intended use of the assessment. In most validity studies, measures with well-known characteristics are compared to new measures (in Messick's framework: relations with other variables). For example, the correlation between surgical experience (traditional measure of surgical skills) and virtualreality performance metrics (new measure) is investigated. However, to provide a robust argument for validity, it is often relevant to include multiple sources of validity evidence (Downing 2003 ); see Table 3 for an overview.
Unfortunately, validity evidence is often found to be limited, and in cases where the validity of performance outcomes have been investigated, most studies focus on extreme group comparisons (Cook et al. 2013d; Cook 2015) . A typical example is a comparison between performance scores for a group of medical students and a group of experienced surgeons. A difference in performance score between the two groups is interpreted as evidence of validity based on the conception that more experience leads to superior technical skills (cf. the notion of deliberate practice)however, the difference between the groups may reflect other differences than the measurement of interest (in this case, technical skills). For example, differences in anatomical knowledge may influence the results (confounding factor) and, therefore, lead to inaccurate conclusions. A more useful approach is the comparison of experienced surgeons to residents, who most often are similar to experienced surgeons except for their extent of surgical experience. The ability to discriminate between these two groups is a necessary, but not sufficient component of validity evidence (Cook 2015) .
Another possible source of bias in validity arguments related to virtualreality assessments is a familiarization effect. Specifically, it appears that individuals have different rates of familiarization to the virtual-reality interface, and therefore, it is crucial to include a warm-up period before collecting performance assessments. It is also important to remember that assessments are context-specific, and a validity argument may not necessarily be transferable from one environment to another; for example a human rater assessment tool, which has shown evidence of validity when used for video-recorded surgeries, may not provide meaningful measurements of proficiency when used for the assessment of technical skills in a wet-laboratory model, even if the same type of surgery is evaluated (Schuwirth & van der Vleuten 2011) .
Reliability
Reliability is also a necessary property for assessment metrics and is part of the 'internal structure' in Messick's framework, such that the measurements have to be consistent if repeated under similar conditions. In classical test theory, if trainees take an infinite number of tests measuring technical skills, the observed mean score X is expected to be equal to the true score T, and the anticipated error E has to be zero: 
Similarly, variances in observed scores across a group of trainees can be envisioned as capturing both true score variance (i.e. true differences in skills) and error variance:
In this regard, it is important to note that in classical test theory, no distinction is made between error variance and random variation. Systematic variation is only attributable to variation in true scores and not to other possible sources of systematic variation, such as measurement or rater bias.
Reliability coefficients are the ratio of true score variance to observed score variance, or:
Reliability ¼ true score variance true score variance þ error variance Thus, the reliability coefficient increases as the proportion of error variance in test scores decreases. In practice, reliability can be estimated as test-retest reliability (comparing score results from multiple test repetitions), inter-rater reliability or using internal consistency methods, where the test is split into separate items or modules.
One obvious limitation of classical test theory is the conception of variance, partitioned into only two parts: the true score and the undifferentiated random variation. Generalizability theory, on the other hand, can subdivide variance into a variety of different factors (called facets), all of which impact scores. A facet is any variable factor in the test that could be meaningfully related to error variance in the defined context; for example across different tasks/cases or different raters. A fully crossed design means that all trainees complete all tasks and all raters evaluate all trainees. In generalizability theory, variance components (facets) are defined including the object of measurement (trainees) in addition to interactions and residual error using analysis of variance (ANOVA). Once variance components have been estimated, they can be employed along with the number of levels of each facet to develop reliability-like coefficients.
The levels can be changed to estimate reliability under different testing conditions, called a decision study (Dstudy). Conceptually, reliability in generalizability theory is the trainee variance divided by the trainee variance plus the absolute or relative error variance. If the variance due to trainee differences is small and the error variances (facets) are large, the estimate of the generalizability will be a small number, and the score becomes less reliable.
When sources of validity and reliability evidence of the assessment metrics (e.g. performance test) have been evaluated, the next step is to define when proficiency has been reached when applying the assessment to training programmes.
Benchmark criteria (standard setting)
Benchmark criteria, or standard setting, are the proficiency criteria for passing a performance test. Implementation of proficiency-based training is dependent on the definition of proficiency criteria, which are related to the specific assessment metrics and the assessment tool. The defined criteria should answer the question: How much practice is enough?
Several analytical models exist to calculate an appropriate level for the intended purpose, but currently, there is no gold standard. One proposed method is the contrasting groups' method, where the criterion is based on the intersection of test score distributions for the groups of novices and experienced surgeons (Downing & Fig. 1 (Miller 1990 ). From this model, it is evident that changes in behaviour or results (i.e. patient outcomes) are the most valuable outcomes to demonstrate the potential effect of a training intervention. Cost-effectiveness studies (or transfer-effectiveness ratio) have been proposed as the highest level of evidence (Stefanidis et al. 2014) .
Central concepts in efficacy studies include retention and transfer of skills. Transfer of acquired skills may be evaluated from one procedure to another or from one modality to another, for example from a virtualreality environment to the operating room. The transfer from an in vitro environment to another setting may be defined as translational research, and the outcomes may be subdivided into the following categories: (T1) evaluation in simulation environments (i.e. on different tasks/procedures/models); (T2) improved patient care practices in a clinical setting; (T3) enhanced patient outcomes; and (T4) collateral effects, such as cost savings (McGaghie et al. 2014 ).
Transfer of skills from one modality to another (virtual-reality to OR)
The highest possible clinical impact of skills training is the documentation of a transfer effect from a simulation environment to improved patient care (provider behaviour) or improved patient outcomes, that is level T2 and T3 (Dawe et al. 2007) . Specifically for virtual-reality interventions, only a few studies have investigated the training effect on patient outcome level (T3) in ophthalmology, and they show divergent results. Even though contributing with interesting and important findings, most existing studies are retrospective, and none of them report the use of standard instructional methods (Rogers et al. 2009; Belyea et al. 2011; Pokroy et al. 2013) .
The transfer effect of virtual-reality training on provider behaviour in the operating room has been investigated in three trials (T2). One trial with a retrospective design finds a significant decrease in number of errant capsulorrhexis after implementing a capsulorrhexis-intensive curriculum for residents (N = 38) on the EyeSi simulator (15.7% versus 5.0% in the postintervention cohort; p < 0.0001; McCannel et al. 2013) . The two remaining studies are randomized controlled trials and conclude that virtual-reality training is equally effective to training on silicone eyes (N = 21) and patients (N = 8) when evaluating residents' clinical performance (provider behaviour) for capsulorrhexis and retinal photocoagulation performance, respectively (Peugnet et al. 1998; Daly et al. 2013 ). Peugnet et al. also found a significant decrease in training time, favouring the virtualreality trained group over the patienttrained group.
Other studies have investigated the transfer of skills from one simulation model to another (T1). In particular, one study found that cataract surgical skills obtained in a virtual-reality environment are transferable to an animal model (porcine eyes). By contrast, two similarly designed studies found insignificant results and concluded that there was no transfer of skills for corneal suturing and posterior segment procedures (Feudner et al. 2009 , Feldman et al. 2007 , Jonas et al. 2003 .
Transfer of skills from one procedure to another Other factors are important when one consider the possible transfer effect from one type of procedure to another. According to Ericsson, skill development is domain-and task-specific, as supported by the specificity of practice hypothesis: skills acquired from practicing one procedure are not transferable to other procedures. This is explained by the principle of information processing specificity which states that the acquisition of skills in different procedures requires separate information processing (Grierson 2014) . But how do you define the difference between task variability, which has been shown to have a positive effect on training outcomes, and tasks/procedures that are so dissimilar that no skill transfer exists? Studies investigating the importance of practice specificity in various domains suggest that the two tasks must be almost identical for transfer to occur (Kirkman 2013) . This is demonstrated in a study by Selvander et al., where no skill transfer is evident between two modules on the EyeSi simulator (specifically, the capsulorrhexis and navigation module). Skill transfer from one surgical procedure to another has never been investigated in ophthalmic surgery.
Surgical simulators in ophthalmology
Simulation models can be categorized into four different groups: animal, cadaver, inanimate, and virtual-reality models. Traditionally, animal models have been used for the training of technical skills in ophthalmology, as they are relatively accessible and often represent a moderate to high fidelity (authenticity) compared to the human model. However, disadvantages include infection risk (including MRSA) and dissimilarities in biomechanical properties. Inanimate models encompass a wide variety of possibilities, including capsulorrhexis training on red globe grapes, aluminium foil and mannequin heads, such as the Kitaro model. The advantage of using inanimate models is that they are readily available, relatively inexpensive and not associated with infection risk. However, the similarity with the clinical setting may only be moderate, and training is often limited only to specific steps of a procedure.
Virtual-reality simulators
In ophthalmology, several virtual-reality systems have been developed but the most commonly used virtual-reality simulator is the EyeSi surgical simulator. This consists of a mannequin head, instruments, foot pedalsandavirtual-realityinterface,which is seen through the operating microscope. Bothacataractandavitreoretinalinterface are available. The cataract interface consists of all the major steps of the cataract procedure (procedural modules, enabling part-task training), in addition to abstract modules, which train basic skills. All modules can be used on different difficulty levels. However, this allows only for the training of intraocular tasks (i.e. incisions are not included). For an overview of the modules on the cataract interface, see Table 5 .
The automated assessment provided by the simulator consists of 21-33 different outcomes categorized into five main outcomes: target achievement, efficiency, instrument utilization, tissue damage, and microscope usage. Parts of the scoring system are based on motion-tracking technology, which involves the measuring of millimetre movement of instrument tips and the number of instrument closings (i.e. how often a forceps is closed). Efficiency is a time-based measure, which is based on the total time that instruments are inserted in the eye. Not all modules include an efficiency measure, and in particular, the capsulorrhexis module is not time based, as precision is deemed more relevant than efficiency during this specific task.
Hypothesis
I The failure to use evidence-based methods in ophthalmology simulation research has led to inadequate knowledge in the field. II Automated assessment of technical skills (including motion-tracking technology) with select modules on the EyeSi virtual-reality simulator and during real-life cataract surgery is associated with validity evidence. III Proficiency-based virtual-reality training has a significant impact on novice surgeons' performance level in the operating room. IV The acquisition of complex technical skills is task-specific so no transfer of skills will occur from one intraocular procedure to another (specifically from cataract to vitreoretinal surgery).
Research Objectives
The overall aim of this thesis is to investigate the assessment and transfer effects of technical skills in intraocular surgery, including:
• Reviewing the evidence behind simulation-based surgical training of ophthalmologists to determine (1) the validity of simulation-based assessment metrics; and (2) 
Background:
Research on the acquisition and assessment of surgical skills in ophthalmology using simulation models is relatively new. A systematic and evidence-based approach to the development and evaluation of surgical skills may ultimately result in improved patient safety.
Objective:
To review the evidence behind simulation-based training and assessment of surgical skills in ophthalmology.
Methods: Eligibility criteria: We conducted a systematic review of all original trials investigating simulation-based surgical training or assessment methods related to the development of technical skills in ophthalmology.
Information sources: We searched five databases for eligible trials and included trials were divided into three key categories according to the purpose of the trial: (1) Description of a training or assessment model; (2) Validity investigation; (3) Efficacy measurement of skills training (including skill transfer to the operating room).
Summary measures: The evidence level of all included trials was primarily evaluated based on the Kirkpatrick model (see Fig. 1 ). A 'risk of bias' analysis, based on the Cochrane Handbook for Systematic Reviews of Interventions (version 5.1.0), was also conducted.
Results:
We screened 1368 reports for eligibility and included 118 trials in our final analysis. Cataract surgery was the most frequent procedure simulated (53%), followed by a group of trials with non-specific or mixed procedures (18%), and finally vitreoretinal surgery (13%). Most participants were residents in ophthalmology (42%), followed by medical students (24%). Most of the included trials were descriptive trials (61%) and described 60 different training models without further investigations.
Data were not suitable for statistical pooling and were included in a qualitative analysis due to heterogeneity in methodology and outcomes.
Overall, 23 trials investigated validity evidence of various assessment tools using nine different simulation models: three virtual-reality simulators, three animal models and three inanimate models. The assessment method categories included both automated assessments provided by virtual-reality simulators, motion-tracking systems, human rater evaluations, and participant questionnaires (assessing participant satisfaction). Most validity trials (74%) used extreme groups comparison and compared performance metrics for medical students or residents with experienced surgeons. These studies also addressed only one or two of the five sources of validity in Messick's framework (see Table 3 ). The EyeSi simulator was investigated in 11 trials. All of these trials included only single modules without explicitly addressing the content of the assessment programme. None of the trials examined the correlation between simulation-based assessments and provider behaviour or patient-related outcomes (Kirkpatrick level 3 and 4). Seventeen trials examined the efficacy of simulation-based training. Twelve efficacy trials (71%) used the EyeSi simulator (cataract interface, N = 11). Most of the efficacy trials were designed as cohort trials (65%) and represented level 2 in the Kirkpatrick model (65%) by investigating whether repeated training on one model leads to improved performance on the same model. None of the trials reported or discussed validity evidence of the outcome measures used.
Transfer of skills to the operating room/clinical setting: Three trials investigated transfer of surgical skills to the operating room or clinical setting, representing the second highest level in the Kirkpatrick model. In these trials, virtual-reality training was found to be equally effective or superior to traditional training (Peugnet et al. 1998; McCannel et al. 2013 ) and equally effective when compared to training on an inanimate model (Daly et al. 2013 ). However, all trials were associated with a significant risk for bias and evaluated retinal photocoagulation and the cataract surgical task capsulorrhexis.
Patient outcomes: Four trials evaluated the effect of a simulation-based training intervention on patient outcomes and achieved the highest level of evidence in the Kirkpatrick model. All of these trials investigated the effect of new surgical curriculaincluding training on the EyeSi virtual-reality simulatoron procedural time and complication rates in an operating room setting. Three of them were based on a retrospective design and, therefore, had a relatively high risk of bias and confounding. The final study was a case series of three residents. Overall these trials had some conflicting results. Two of them demonstrated a significant decrease in cataract surgical complication rates (posterior capsule tear and/or vitreous loss) for residents (N = NA) but this finding was not confirmed by the two other trials (N = 62). There was some evidence for reduction in procedural time after the implementation of new surgical curricula.
Conclusions:
• Numerous simulation models have been introduced but have not been investigated further (neither as assessment tools or training models).
• There is a lack of evidence supporting the use of simulation-based assessments, and in particular, knowledge regarding the correlation with provider behaviour or patientrelated outcomes is lacking (validity studies).
• Validity of the EyeSi automated assessment metrics has not been well established.
• Efficacy trials show a tendency towards improving surgical time and complication rates after training on the EyeSi simulator; however, data are inconsistent so that no final conclusions can be made.
• Future studies should focus on improving the quality of their design, including establishing validity evidence for outcome metrics, applying evidence-based instructional methods, and minimizing risk of bias and confounding.
STUDY II: Simulation-based certification for cataract surgery Background:
Simulation-based training may make it possible to minimize the need to learn by performing procedures on patients. But how do we decide how much practice is enough?
Objective:
Determining validity evidence for automated assessments of cataract surgical skills using a virtual-reality simulator and setting a benchmark criterion for proficiency intended for surgical novices.
Methods:
Study design and setting:
The study was carried out as a cohort study at the Copenhagen Academy for Medical Education and Simulation, Denmark from November 2013 to April 2014.
Participants: Three groups of participants were included in the study: (1) novices (employed at an ophthalmology department without any cataract surgery experience), (2) experienced cataract surgeons (>4000 cataract procedures), and (3) experienced vitreoretinal surgeons (>200 vitreoretinal procedures and limited cataract surgery experience).
Variables: We constructed a test reflecting learning objectives for residents in a cataract surgery curriculum. This test consisted of all cataract surgical modules on the EyeSi simulator (VRmagic, version 2.8.10) with the exception of one alternative procedural approach (chopping), which was not deemed relevant for a cataract surgical trainee.
Outcome measures: All participants completed two test sessions after a warm-up period of 10 min. Target achievement, efficiency, instrument utilization and tissue treatment were automatically assessed by the simulator and resulted in a module score with a maximum 100 points.
Results: A total of 42 participants completed the study: 26 novices, 11 cataract surgeons, and five vitreoretinal surgeons. All participants improved significantly from their first to second attempts, indicating a familiarization effect. For this reason, we decided to use data only from the second attempt. Seven of the 13 modules demonstrated statistically significant discriminative ability between novices and experienced cataract surgeons (one-tailed independent samples t-tests) and good reliability between modules (ICC 0.76, p < 0.001). These seven modules were included in a final performance test.
Mean performance scores (SD) for the final test were 333 (96) points, 462 (68) points and 497 (52) points for novices, vitreoretinal surgeons, and experienced cataract surgeons, respectively, with a statistically significant difference between novices and experienced cataract surgeons (p < 0.001), and between novices and vitreoretinal surgeons (p = 0.006). There was no statistically significant difference in mean performance test score between vitreoretinal surgeons and experienced cataract surgeons (p = 0.32).
A proficiency level (pass/fail score) was determined at 422 points using the contrasting groups' method. Post hoc consequence analysis showed that the final performance test was effective in distinguishing between novices and experienced cataract surgeons, as 21 (81%) novices did not pass the proficiency test versus one (9%) of the experienced cataract surgeons.
• We have established a performance test, consisting of seven modules on the EyeSi simulator, which possesses evidence of validity (4 of 5 sources investigated).
• A proficiency level of 422 points was determined and may be used for future implementation of proficiency-based training for surgical novices.
STUDY III: High correlation between performance on a virtual-reality simulator and real-life cataract surgery
Background:
The EyeSi virtual-reality simulator is an accepted tool for the training and assessment of surgical skillsprimarily for cataract surgerybut there is a lack of evidence supporting the direct translation between the automated assessment provided by the simulator and real-life surgical performance.
To investigate the correlation between virtual-reality performance and real-life cataract surgical performance using a simple model, which compares motion-tracking metrics from real-life cataract surgery to performance metrics from the EyeSi simulator.
Methods: Study design and setting: A crosssectional study was conducted at ophthalmology departments and private ophthalmology clinics in Denmark and at the Copenhagen Academy for Medical Education and Simulation, Denmark. Data were collected from April 2014 to March 2015.
Participants: Cataract surgeonsoperating independently, but with different levels of surgical experiencewere included in the study.
Variables: We collected videos of three uncomplicated cataract surgeries consecutively performed by each surgeon prior to their simulation session. Uncomplicated cataract surgeries were defined as: (1) surgery performed under local anaesthesia, (2) patient age >60 years, and (3) visual acuity >1/60 pre-operatively (measured using a standard Snellen chart at 1 m distance). The videos were analysed using motion-tracking parameters, which have previously demonstrated evidence of validity (Smith et al. 2013) . During the 2 weeks after video collection, all participants completed an evidencebased proficiency test of cataract surgical skills (see STUDY II) on the EyeSi simulator (VRmagic, version 2.8.10).
Outcome measures: The primary outcome measures were (1) summative virtual-reality performance test score (collected after two warm-up sessions, corresponding to approximately 1 hr) and (2) motion-tracking score from real-life videos, calculated by average path length multiplied by average number of movements based on three full-length live cataract surgeries.
In total, eleven cataract surgeons were included in the final data analysis; two surgeons were excluded due to technical issues with video recordings. The number of cataract surgeries previously performed by each surgeon varied from two to 24 200 (mean 3656) and videos were collected from six ophthalmology departments and private ophthalmology clinics in Denmark.
Motion-tracking scores varied from 34 770 to 652 521 (a lower motiontracking score reflecting superior performance), while the virtual-reality performance test scores ranged from 485 to 661 points out of a maximum of 700 points. We found a significant association between virtual-reality performance test scores and motion-tracking scores (p = 0.017, adjusted R 2 = 0.43) using a linear regression model. A tenunit improvement in the virtual-reality performance test score was estimated to correspond to a decrease of À23 220 in the motion-tracking score (95% confidence interval: À41 240, À5210).
• Performance on the EyeSi simulator is highly correlated with real-life surgical performance and may supplement workplace-based/clinical assessments.
• Motion-tracking metrics are associated with high variance between individuals, which is most significant for surgeons with an intermediate level of experience. This is probably explained by an experimental movement pattern (i.e. exploring different surgical techniques).
• Therefore, multiple data sources are still recommended when evaluating surgical skills.
STUDY IV: Operating room performance improves after proficiency-based virtualreality cataract training Background:
Ideally, surgical skills acquired in a simulation-based setting are transferable to the operating room. However, it remains unclear whether virtualreality training leads to superior surgical performance and this has never been investigated prospectively for the entire cataract surgical procedure. Also, we do not know if a potential training effect exists only for novices or if more experienced surgeons benefit from virtual-reality training.
To investigate the effect of proficiency-based, virtual-reality training on cataract surgical skills in the operating room for surgeons with different levels of experience.
Methods: Study design and setting: A multicentre, national, prospective clinical trial (cohort study) with masking of both raters and outcome assessors was conducted. Data were collected at ophthalmology departments and private ophthalmology clinics in Denmark, and at the Copenhagen Academy for Medical Education and Simulation, from April 2014 to March 2015.
Participants: Cataract surgeons representing all experience levelsincluding surgeons not yet operating independently (i.e. performing only single steps of the cataract surgery)were included in the study. They were divided into four groups according to experience level: (1) novices; surgeons who did not yet operate independently but performed only steps of the cataract surgical procedure, (2) intermediates; 1-75 independently performed surgeries, (3) experienced surgeons; 76-999 surgeries), and (4) expert surgeons (≥1000 surgeries).
Intervention: All participants trained on the EyeSi virtual-reality simulator (VRmagic, version 2.8.10) until passing a predefined pass/fail score of 600 points (out of a maximum of 700 points) in two consecutive sessions on an evidence-based performance test (STUDY II).
Outcome measures:
The participants performed three consecutive phacoemulsification surgeries, immediately before and after the training intervention. They were only allowed to operate on uncomplicated cataract cases, see STUDY III for inclusion criteria. The primary outcome measure was technical performance during real-life surgery, as measured by a modified version of the Objective Structured Assessment of Cataract Surgical Skill (OSACSS) rating scale. The modified scale consisted of 13 task-specific items, which could be rated from 0 ('inadequately performed') to 4 points ('well performed'), resulting in a maximum of 52 points. Three masked raters evaluated all videos independently. Specifically for the novices, steps performed by their supervisor were assigned post hoc to the lowest score ('inadequately performed').
In total, 18 surgeons were included in the final data analysis; one experienced surgeon was excluded due to missing data. Four surgeries were excluded and replaced by video recordings of the participant's next surgery due to technical issues (N = 2) or a complicated surgical procedure (N = 2).
The generalizability coefficients for the performance assessments were 0.92 and 0.86 for pre-and posttraining, respectively. The reliability analysis showed that only a small proportion of the total variance was due to differences in case difficulty, raters, or procedure-to-procedure variance.
Novice, intermediate, experienced, and expert surgeons had pretraining mean performance scores of 15. 33, 25.81, 42.97, and 48 .26 points (out of a total of 52 points), respectively. Both novices and intermediates showed statistically significant improvements in performance, by 5.0 and 9.8 points corresponding to an increase of 32% and 38% from baseline values, respectively (p = 0.008 and p = 0.018, mixedeffects regression analysis). There were no significant improvements for experienced and expert groups.
• A proficiency-based virtual-reality training programme improves surgical performance by 32% in novice cataract surgeons.
• Intermediate level surgeons (who have performed <75 independent operations) also benefit significantly from virtual-reality training (38% improvement).
• Improvement in technical skills resulting from proficiency-based training seems to be transferable from a simulated setting to the operating room.
STUDY V: Is there interprocedural transfer of skills in intraocular surgery? a randomized controlled trial Background:
One may expect that skills learned for one procedure may be transferable to another related procedure. However, the required level of similarity between procedures to detect a procedure-toprocedure transfer effect is unknown.
To investigate how proficiency in virtual-reality cataract surgery affects learning curves for novices in vitreoretinal surgery.
Methods: Study design and setting:
The study was carried out as a randomized controlled trial (balanced randomization 1:1). Data were collected at the Copenhagen Academy for Medical Education and Simulation, Denmark, from October 2014 to June 2015.
Participants: Ophthalmology residents with no intraocular surgical experience were recruited from the Department of Ophthalmology, Rigshospitalet -Glostrup, Denmark.
Intervention and control: Residents were randomized to two different groups: (1) participants who passed an evidence-based cataract surgical performance test on the EyeSi simulator during two consecutive sessions (see STUDY II) or (2) participants who received no intervention.
Outcome measures: Participants in both study arms repeated a vitreoretinal performance test until reaching their maximum performance level (plateau level), defined as two consecutive sessions with a score <5% higher than the highest score previously obtained. The vitreoretinal performance test consisted of all 11 vitreoretinal modules on the EyeSi surgical simulator (VRmagic, version 2.8.10). The primary outcomes were total test score from the first attempt (after approximately 1 hr warm-up), total time to reach maximum performance level, and maximum score. All outcomes were based on the automated assessments provided by the EyeSi virtual-reality simulator.
We included twelve ophthalmology residents; six participants were allocated to intensive cataract surgical training (cataract trainees) and six participants received no training (novices). Additionally, we included three experienced vitreoretinal surgeons to establish validity evidence for the outcome measure.
Validity evidence for the outcome measure: The automated assessment metrics showed statistically significant discriminatory ability between experienced vitreoretinal surgeons and novices (p = 0.003) and cataract trainees (p = 0.006) for the first attempt. The intermodule correlation coefficient was 0.73 (Cronbach's alpha).
Procedure-to-procedure skill transfer: The group of cataract trainees did not outperform the group of novices when comparing starting score (mean AE SD 381 AE 129 points versus 455 AE 82 points, p = 0.26); time to reach maximum performance level (10.7 AE 3.0 hr versus 8.7 AE 2.8 hr, p = 0.27); or maximum score (785 AE 162 points versus 805 AE 73 points, p = 0.79). The 95% confidence interval for the mean difference was À196 to 48 points with respect to the starting score; À1.3 to 5.3 hr for time to reach maximum performance level; and À162 to 122 for points in maximum score.
Proficiency level: Post hoc analysis showed no difference in mean scores for the last three repetitions for each group: F(2;10) = 3.3, p = 0.080; F(2;10) = 3.8, p = 0.058; and F(2;4) = 0.045, p = 0.96 for novices, cataract trainees and experienced surgeons, respectively (repeated measures ANOVA per group). Similar analysis demonstrated no significant difference in mean maximum scores between groups (F(2;12) = 0.102, p = 0.90).
• All participants, independent of group, were able to reach the same maximum performance level on the simulator, indicating a ceiling effect for the automated assessment of technical skills on the EyeSi virtualreality simulator.
• No significant transfer effect of surgical skills was found from cataract surgery to vitreoretinal surgery in a virtual-reality environment; our findings suggest a negative transfer effect.
• Significant transfer of surgical skills should not be anticipated when planning training programmes in intraocular surgery.
Discussion
Efforts to enhance the quality of surgical care should involve research that addresses the 'surgeon factor'namely, the specific and varied needs of healthcare professionals in their training and development of clinical skills, including technical skills. Clinical performance outcomes may improve significantly with targeted training interventions and may be considered equally as important as other clinical studies, which assess the effectiveness of new treatments. This area is developing rapidly, as is evident from the recently published CONSORT and STROBE guidelines which promote the need for high-quality studies in simulation research (Cheng et al. 2016) .
Our systematic review reveals that there is room for improvement and, in particular, that validity evidence for performance metrics in ophthalmology is lacking. None of the trials included in our systematic review reported or discussed the validity of the outcome measures used. Moreover, it is clear that the use of evidence-based training and assessment methods has not received significant attention in ophthalmology training in Europe. The majority of educatorsresponding to a cataract surgical training surveyreported that they still use the apprenticeship model in cataract surgical training, as opposed to the proficiency-based model (Muttuvelu & Andersen 2016 ). Thus, there seems to be a tendency to perceive surgical training as an expert domain, rather than as an evidence-based process. This may lead to costly, ineffective surgical training programmes, or could even present a threat to patient safety.
In this thesis, assessment methods (STUDY II-III), as well as the acquisition and transfer (STUDY IV-V) of technical skills in intraocular surgery have been investigated. Based on our study findings, we conclude that the automated assessment based on the EyeSi virtual-reality simulator metrics is useful in evaluating progress in cataract surgical skills, and can supplement, or even replace, workplace-based/clinical assessments for this specific procedure. Outcome measures with evidence of validity are important when implementing proficiency-based surgical training, and in STUDY IV, we found that proficiency-based virtual-reality training had a significant impact on performance measures (provider behaviour) in the operating room for both novices and intermediates. While transfer of skills from a virtualreality setting to the operating room seems to occur, skill transfer from cataract surgery to vitreoretinal surgery has not been established.
All of the studies share several strengths with respect to their design: the inclusion of relevant groups of participants (not medical students), as well as the use of evidence-based and contemporary methododology, including proficiency-based training for the acquisition of technical skills and Messick's framework for collecting validity evidence for performance metrics (Gallagher et al. 2005; Korndorffer et al. 2010) .
The most important limitation of our study design is small sample sizes due to a limited number of cataract and vitreoretinal surgeons in Denmark. Potential possibilities to address this limitation could have been the inclusion of other microsurgeons or ophthalmologists in other countries. International data collection was planned for one of the studies, but differences in equipment and healthcare systems (including training of specialists) between the countries presented an insurmountable barrier.
Another important limitation is that in all the studies we only included technical skills as an outcome measure. In reality, a wider array of skills is fundamental to safe practice, including decision-making, communication, and leadership.
Automated assessment of technical skills
The automated assessment provided by the EyeSi virtual-reality simulatorcomprising motion-tracking metrics, time and error measurements (tissue damage)demonstrates evidence of validity and reliability for cataract surgical skills for all levels of experience when using select modules. Thus, the presented performance test may be implemented in cataract surgical training programmes to support the progress of novices towards proficient surgeons. At present, the number of completed cases is often used as a proxy measure of proficiency, in addition to nonstandardized evaluations made by senior colleagues (Muttuvelu & Andersen 2016) . Both of these assessment methods introduce a considerate amount of bias. Traditionally, workplace-based assessments have been presented as the best way to assess professional competence, including technical skills (Govaerts & van der Vleuten 2013 ). Yet, workplace-based assessments are often cumbersome to collect both in regards to time and effort. Interestingly, Brydges et al. (2015) conclude from a meta-analysis that tools with established validity evidence may replace workplace-based assessments in the evaluation of select procedural skills. The findings of STUDY II and III in this thesis support the use of the presented virtualreality performance test as a replacement for workplace-based assessments in cataract surgery.
STUDY II and III have some notable strengths in their design, related to the bi-faceted investigation of the construct 'relations to other variables'. We investigated the EyeSi automated assessment metrics both in relation to experience level (STUDY II)which is considered an indispensable but not sufficient part of the validity argumentand compared the EyeSi metrics to motion-tracking parameters from real-life videos (STUDY III). To our knowledge, this is the first study to assess the correlation between simulation-based assessments and provider behaviour in ophthalmology (Kirkpatrick level 3). In STUDY III, we chose not to use experience as a proxy measure for proficiency, and we are aware that adding experience to the model would probably have resulted in a higher value for R 2 . However, this was not our intent, as we wanted to investigate the simple relationship between clinical motion-tracking parameters and the automated assessment provided by the EyeSi simulator.
The findings of these studies revealed that motion-tracking metricsas used in STUDY IIImight be useful as an objective measure of surgical proficiency in intraocular surgery. These metrics can differentiate between novices and experienced surgeons, but are suboptimal for the assessment of intermediate surgeons. This phenomenon may be explained by 'experimental practice', such that the surgeons with an intermediate level of experience tend to explore movement patterns as part of their learning process, and therefore, they may obtain lower performance scores than novices. Similar findings have been documented by Rojas et al. (2011) for knot-tying procedures. These findings support previous evidence indicating that end-product assessments are more predictive of overall competence than assessments focussing on the process (Schuwirth & van der Vleuten 2011) .
The discussion points specifically relevant to these studies include target group, study context and specificity of the assessed skills. First of all, we set out to develop a test of cataract surgical skills for surgeons at the beginning of the learning curve (STUDY II), but the results from STUDY III suggest that the test may be utilized for surgeons at all levels of experience. Nevertheless, it is important to remember that most assessment tools show a ceiling effect for superior performance, thus often it is more challenging to discriminate between intermediates and expert surgeons than between novices and experienced surgeons. This pattern is also evident from our motion-tracking data. Future work should focus on the development and investigation of new benchmark criteria, which corresponds to the experience level of the defined target group. Overall, it is critical to give careful considerations to the defined target group, as each group has unique concerns and what may seem like an optimal assessment tool for novices may not be applicable for experienced surgeons. Moreover, one assessment tool should never stand alone as a measure of surgical proficiency. The EyeSi simulator provides useful knowledge regarding cataract surgical skill, but several assessment tools are recommendedespecially for high-stakes assessments such as board exams (Boursicot et al. 2011; Schuwirth & van der Vleuten 2011) .
Context is also important. We have to remember that evidence of validity and reliability is only applicable in the original context, that is corresponding to the circumstances under which the evidence was collected (Schuwirth & van der Vleuten 2011 ). An example is the measurement of blood pressure in different settings. When measured in the clinic, a 'white coat syndrome' may lead to increased blood pressure compared to at-home measurements. Due to constant developments in virtualreality softwarein addition to possible changes in the environment and target groupsvalidity of performance metrics are never static and must never be interpreted as such.
Finally, a designated warm-up period is crucial for sound assessments of performance, and our findings from STUDY II suggest that approximately 1 hr of warm-up is essential for reliable assessments of performance on the EyeSi simulator. Failure to provide a warm-up period may result in an underestimation of expert performance, as differences in the technical aspects of a procedure in a simulationbased setting (as compared to the clinical setting) may affect performance initially. Other studies have reached similar conclusions (Schijven & Jakimowicz 2004) ; however, omitting warm-up periods remains a recurring issue in simulation research.
Regarding the specificity of the assessed skills, the findings of STUDY II suggest that the automated assessment is not specific for cataract surgical skills, but rather assesses intraocular surgical skills in general. The group of vitreoretinal surgeons did not perform significantly differently from the group of cataract surgeons. However, this finding may reflect a type II error due to a small sample size, as only three vitreoretinal surgeons were included in the study. The lack of specificity in the performance assessments may also be affected by a ceiling effectslight differences in high levels of performance may not be distinguishable, and thus, a possible difference in performance between cataract and vitreoretinal surgeons may not be detected. Overall, if the lack of specificity is true, the differences found between novices and cataract surgeons (STUDY II), as well as between different levels of cataract surgical expertise (STUDY III), may be solely due to differences in exposure to microsurgery and not specifically cataract surgery. This leads us to the concept of skill transfer between procedures.
Specificity of training interventions
Given the specificity of practice theory, one should not expect any transfer of skill between different types of intraocular surgery because they involve different sequences of movements. This theory is supported by the findings of STUDY V, where cataract surgical training-to-proficiency does not influence the acquisition of vitreoretinal surgical skills for novices in a virtual-reality environment. Based on these findings, the result of STUDY II showing no significant difference in performance assessments between experienced cataract surgeons and vitreoretinal surgeonsmay be interpreted as a type II error compounded by a ceiling effect for high levels of performance.
From the results in STUDY V it actually seems that negative transfer occurs. Negative transfer refers to the finding that the applied skill training negatively affects end-point performance. In STUDY V, the cataract trainees spent on average two hours longer on the vitreoretinal interface before reaching their maximum performance level compared to the novices (no prior training). Thus, complex procedural skill development in intraocular surgery seems to be domain specific. The differences in surgical instruments and anatomical structures may explain the finding of negative transfer. However, even with the same instruments and within the same anatomical structures in the eye, Selvander & Asman (2012) found no evidence of skill transfer from an abstract module to a procedural task on the EyeSi simulator. Procedure-toprocedure transfer has not been previously investigated for entire ophthalmic procedures, and notably, in laparoscopic surgery, results are inconsistent (Bjerrum et al. 2015) . Basic skills training using instruments similar to real life (black-box training) has shown to prepare trainees for thoracoscopic lobectomy more effectively than advanced high-fidelity simulation training in nephrectomy (Jensen et al. 2014) . Overall, evidence suggests that for complex procedural skill development, it is difficult to support skill transfer between different types of procedures (Kirkman 2013) . The challenge is to define various elements that seem important for skill transfer. There is a significant difference between the process of procedure-to-procedure transfer and transfer between different environments (or training modalities), and our understanding of these differences may benefit from efforts to distinguish between the functional features, such as sensory and motor information processing, and structural features (learning environment/setting) of these tasks (Grierson 2014) . From these research findings, we may conclude that instrument and anatomical similarity, as well as movement patterns, are important factors for skill transfer, corresponding to functional features of the tasks. Structural alignment seems less important in this regard (Norman et al. 2012) .
Limitations specific to STUDY V include the target group and study setting. This study was conducted in a virtual-reality setting and included only surgical novices. Skill transfer from cataract to vitreoretinal surgery may be evident for more experienced surgeons. However, previous studies suggest that negative transfer may be even more pronounced for experienced surgeons as their associative memory is stronger compared to novices (Starkes et al. 1993) . At the same time, positive procedure-to-procedure transfer may exist for more experienced surgeons as their additional cognitive resources make it possible to have skill transfer in situations where novices will experience cognitive overload (Grierson 2014) . Importantly, in our study, the procedure-to-procedure transfer of skills was only investigated in one direction, and the opposite direction of skill transfer, for example from vitreoretinal to cataract surgery, may not be excluded.
Other conditions apply when it comes to the same skills set, but transfer between different environments. Evidence suggests that transfer occurs from one modality to another, that is skills developed on a virtual-reality simulator have been shown to be transferable to clinical performance or other simulation models requiring the same set of skills. This transfer has been confirmed based on improvements in provider behaviour. In ophthalmology, this has been established for capsulorrhexis performance in a retrospective study (McCannel et al. 2013 ). There are no additional studies on this subject in ophthalmic surgery, but similar findings have been found for laparoscopic surgical skills (Aggarwal et al. 2007) .
Additionally, we find that skills acquired from proficiency-based training of abstract and procedural cataract surgical tasks in a virtualreality environment are transferable to overall cataract surgical performance in the operating room. This corresponds to a translational research level of T2. These findings add to the body of evidence, suggesting that learning environment/setting, that is structural alignment, is less important than content for the transfer of complex procedural skills to occur (Hamstra et al. 2014) .
The training of technical skills in a virtual-reality environment may be criticized for creating an oversimplification of a complex reality. On the other hand, the oversimplification provides the opportunity to concentrate on select skillsas explained by the cognitive load theorypossibly providing the opportunity to develop automaticity as explained by Fitts&Posner's motor skill theory (Reiner & Gelfeld 2014) . By achieving automaticity, it may become possible to focus attention on other important tasks when entering the operating room, such as communicating with the patient and surgical team, or dealing with the unexpected (Kurahashi et al. 2011; Stefanidis et al. 2012 ).
Intermediate level surgeons and virtualreality training
Simulation-based training has obvious implications for novice surgeons and this may be the reason why there has been a tendency to focus on novices in simulation research. In STUDY IV, we wanted to investigate the 'sensitivity to change' among surgeons of different experience levels. Does transfer of skills from a virtual-reality setting occur only for novice surgeons, or do more experienced surgeons also benefit from virtual-reality training?
Previous studies have investigated the effect of warm-up sessions on virtual-reality simulators immediately prior to surgery and found that warmup is associated with a significant improvement in performance, also for experienced surgeons (Moldovanu et al. 2011; Lee et al. 2012) . Similarly, in our study, we found a significant effect of training also for surgeons with an intermediate level of experience. Based on these findings, there is a wide range of applications for virtual-reality training.
The defined benchmark criteria used for proficiency-based training seems crucial when utilizing training for more experienced surgeons. In STUDY IV, we used a higher pass/fail criterion than calculated in STUDY II to support 'overlearning', which seems to be a major factor for skill retention. This phenomenon is probably explained by the fact that participants reach a level of automaticity (Arthur et al. 1998; Stefanidis et al. 2006 Stefanidis et al. , 2012 .
STUDY IV is a multicentre study, which increases the generalizability of the findings. An important limitation of the study is the lack of a control group. It would have been desirable to conduct a randomized controlled trial, but this was not feasible due to the limited number of cataract surgeons in Denmark. We included three masked raters and six different time-points for clinical assessments (three before and three after virtual-reality training), making advanced statistical analysis feasible (generalizability theory and mixed-effects regression analysis) and thus supporting the before-and-after study design.
Guidelines for simulation-based training in intraocular surgery
It has been suggested that simulationbased trainingunder some conditions is even more effective than traditional training (Peugnet et al. 1998; McCannel et al. 2013; Konge et al. 2015) . This may be explained by more efficient hands-on training time in a simulator environment as compared to clinical practice and makes simulation-based training even more attractive. There is growing evidence supporting the implementation of simulation-based training in ophthalmology, especially virtualreality training which is the training modality with the strongest evidence. This phenomenon is particularly interesting, when one considers the large number of wet-laboratories (i.e. training on animal models) being offered.
When implementing simulationbased training models, evidence-based instructional methods should be appliedincluding proficiency-based training, which has repeatedly been shown to positively impact learning outcomes (Gallagher et al. 2005) . Thus, relevant benchmark criteria (pass/fail levels) should be defined for all training modelsin select cases, automated assessment tools are available, in other cases human raters or motion-tracking tools may be used.
Relevant benchmark levels have been developed for cataract surgical training on the EyeSi simulator (Spiteri et al. 2014; Thomsen et al. 2015) . Validity of performance measurements must be verified and relevant benchmark levels should be defined for those simulation models where a benchmark level does not exist or cannot be applied due to differences in target groups. As mentioned earlier, the continual development of technology and associated changes in performance measurements, make gathering validity evidence for assessment tools an ongoing process.
Based on the findings of this thesis, we suggest that proficiency-based training on the EyeSi simulator should be implemented not only for novices but also for surgeons on an intermediate level of experience in cataract surgery (Thomsen et al. 2017) .
Previous evidence suggests that variable task practice enhances learning outcomes (Spruit & Band 2014) . This may correspond to training on white cataracts in addition to standard cataracts, but future studies are needed to define an appropriate level of variance for a clearly defined target group. At least, training cataract surgical skills does not seem to have an additive effect on vitreoretinal surgical performance for novices as suggested by the findings of STUDY V. This study indicates that the acquisition of intraocular surgical skills in ophthalmology appears to be domain-and task-specific, as has been previously shown for other complex procedural skills.
Implications for future research
Simulation research in ophthalmology may benefit from implementing accepted instructional methods when designing future research studies. It is also highly recommended to enrol a study population that will make research results more generalizable. From our systematic review, we noted the lack of uniformity in measurements of operative outcomes. These vary from procedural time to the ability to complete the procedure and the frequency of errors. An important area of surgical skills research is to develop a common language for the assessment of technical skills (Cox et al. 2015) . We present a flow chart that may help structure the design and interpretation of findings in future evidence-based studies in simulation-based research (Thomsen et al. 2015b) .
In our systematic review, we found that most efficacy studies (65%) investigated whether repeated practice on one model leads to improved performance on the same model. In most cases, this improved performance is to be expected and these findings do not contribute significantly to this area of research. Future studies should focus on the following areas: achieving a deeper understanding of the causal relationships influencing the acquisition of technical skills in microsurgery, identification of individual factors impacting the acquisition of complex technical skills, and a comparison of various standard-setting methods to determine which method is the most appropriate for different target groups. Also, additional prospective efficacy trials are needed. Specifically, it will be important to determine the effect of simulation-based training on patientrelated outcomes and provider behaviour. Lastly, the possibility of negative transfer of skills between various procedures and directionality should be studied further in future trials.
Conclusion and Perspectives
Training of cataract surgical skills in a virtual-reality environment is transferable to a clinical settingalso for surgeons on an intermediate experience levelbut the acquired skills have not been shown to be transferable to vitreoretinal surgery performed in a simulated setting. Automated assessment provided by the EyeSi virtual-reality simulator provides useful knowledge, both for the assessment of clinical performance and as the basis for implementing proficiency-based training (given that evidence of validity has been established).
The opportunity to improve technical skills in a simulated setting prior to work in the operating room may translate into improved patient outcomes and, in turn, may have important implications for patient safety, but future studies will have to provide evidence for this link.
Future directions may include additional training possibilities for surgeons with intermediate or high levels of experience, incorporating management of complications arising during surgery and training of the entire cataract surgical procedure as an uninterrupted task in a virtualreality environment. This would enable the interactive elements between each procedural step. The execution of every step of the procedure is becoming even more crucial because it affects the execution of the remaining steps.
The integration of simulation as a training and assessment modality in surgical specialties is not a new idea (Rehrig et al. 2008; Gillan & Saleh 2013) . However, the growing evidence supporting simulation-based training and assessment should provide additional impetus for its implementation as a precursor and adjunct to clinical experience.
